Abstract-Through the implementation of a simple linearly scalable 1-W infrared (IR) transmitter, which is centrally located on the ceiling of a sports utility vehicle (SUV), and for 15 passenger configurations, an analysis into the received power, power deviation, minimum bandwidth, and maximum root-mean-square (RMS) delay spread is provided for the regions of the vehicle most likely to benefit from the deployment of intravehicle optical wireless (OW) communication systems. Several specific regions, including the areas around a passenger's legs, arms, necks, and shoulders, are shown to have beneficial channel characteristics for the use of personal electronics equipment such as laptops, tablet PCs, or wireless headphones. Similarly, a region around the headrest of the front seat is shown to have potential for the deployment of in-car entertainment solutions independent of the passenger configuration. This analysis, which is the first to introduce the concept of channel variation from multiple passenger configurations, aims to show that OW is a potential candidate for future intravehicular communication systems.
Optical Wireless for Intravehicle Communications:
Incorporating Passenger Presence Scenarios I. INTRODUCTION C URRENT MASS production vehicles contain an ever growing plethora of interconnected electronics devices. These devices range from functionally integral subsystems such as fly-by-wire technologies, engine management, or safety actuators to consumer-focused subsystems such as navigation and audio visual (AV) entertainment solutions [1] , [2] . Further, vehicle passengers are also bringing third-party personal electronics equipment such as mobile phones, tablet PCs, or handheld game consoles into the cabin. This increase and subsequent dependence on electronics in or around vehicles increases the cost and complexity of their design and manufacturing, not to mention, potential reductions in reliability and fuel efficiency due to the increased use of wiring harnesses.
One possible way of mitigating these effects of increased vehicular electronics is to adopt wireless communications where possible. An interesting and emerging [3] branch of available wireless communication techniques is optical wireless (OW), which combines the mobility of radio frequency (RF) wireless communications with the high-bandwidth availability of fixed optical communications. In a recent review paper [4] , it has been shown that OW may provide a compatible solution to the concept of intravehicular communications, which is defined to be the process of irradiating the interior (or section) or the vehicle with infrared (IR) radiation to serve as the communication link between anything from simple user-vehicle interface devices, such as window or air-conditioning controllers, to more advanced devices associated with AV entertainment units or computer consoles. This initial review was followed by [5] and [6] , which provided the first detailed simulations into OW viability. In [5] , an empty sports utility vehicle (SUV) was assumed to have a simple single-element transmitter placed upon the ceiling in tandem with receivers with FOV = 65
• . It was shown that, based upon a 1-W transmitter, received power of 49 μW · cm −2 could be achieved in the rear seating areas with associated bandwidths ≥ 300 MHz. Further, the front-seat headrests could receive power of up to 28 μW · cm −2 but with limited bandwidths of 56 MHz. Based upon the same scenario, the work in [5] was expanded in [6] but with a reduced receiver FOV = 45
• and taking into consideration the root-mean-square (RMS) delay spread of the channel. A reduced field of view (FOV) was chosen to begin investigating a more "directional" system that might increase the bandwidth of the rear passenger seats in selected areas with the known compromise of reducing the total received power. Peak power in the rear seats only slightly reduced to 46 μW · cm −2 , and increased directionality was shown with higher bandwidths in the regions of the passenger headrests and door frames as predicted. It can be noted that the need for directionality (or not) is still under consideration as it is well known that a wider FOV, while allowing for increased flexibility in alignment, reduces bandwidth and increases ambient light noise collection.
For all of the results presented in [5] and [6] , which attempted to narrow down where and how well an OW system will perform when deployed within a vehicle, the work presented, however, did not consider the presence of either the driver or passengers. In this paper, the original work is substantially extended through the analysis of channel performance metrics over 15 different scenarios. Based upon this extended deployment scenario analysis, it is hoped that a system designer or an industrial expert associated with the vehicular industry will have further confidence in investing resources toward future OW communications technology as an alternative to RF solutions.
The remainder of this paper is ordered as follows. Section II details the SUV and passenger deployment scenarios, the theory Fig. 1 . SUV structure for which the OW system is deployed within. The specific scenario shown is the case with the driver and three "arms down" passengers being present.
of IR propagation and reflection, and the calculations required to determine the impulse response between a source and a receiver. Section III provides the simulation results of the OW channel and how it impacts future system performance. Section IV then clarifies where the next stage in the research should be directed, followed by concluding remarks in Section V.
II. SYSTEM MODEL

A. Vehicle Environment
The cross-sectional representation of the internal structure of the SUV at maximum capacity is shown in Fig. 1 . The internal structure, which is comprised of the floor, the ceiling, fascias, seats, the steering wheel etc., is generated from the arrangement of 296 planar polygons, whereas each passenger is formed by the arrangement of 66 planar polygons. The system environment has been made as realistic as is practically possible and includes features such as angled foot wells, recessed windows, and bevelled edge seats. Furthermore, compared with the model used in [5] and [6] , extra "blind spots" in the form of gaps between seats and around the car doors have been added to improve its realism.
In this paper, multiple scenarios are considered. First, it is assumed that the interior structure does not change and that the driver is always present and has their arms up toward the steering wheel, as shown in Fig. 1 . Then, seven scenarios are considered with every combination of the other three passengers being either present or absent with their arms up (similar to the driver), and seven further scenarios are considered with every combination of the other three passengers being either present or absent with their arms down (as in Fig. 1 ). Ergo, a total of 15 scenarios is considered and later analyzed. For further reference, Fig. 1 shows one of the two most complex scenarios (the other being when all three passengers are present with their arms up) and consists of a total of 560 planar polygons. Based upon the feedback from presenting [5] , the model has had its width increased by 20 cm and height reduced by 10 cm to take account of a possible industrial focus change in vehicle design to the more compact SUVs.
Each different material found within the vehicle, including those that make up the passengers, e.g., skin, is assumed to abide by a Phong [7] reflection model for which the emitted or reflected radiation intensity profile, i.e., R(φ, θ), is given by [8] , [9] 
where φ ∈ [0, π/2] and θ ∈ [0, π/2] are the angles of observation and incidence relative to the surface normals, respectively; r d ∈ [0, 1] represents the ratio of incident signal that is diffusely reflected; m is the order of the specular component; n is the order of the diffuse component; and P S is the power of the radiation to be emitted. The use of the more advanced Phong reflection model is necessary due to the abundance of glass in this application, which is commonly known to be a specular reflector and, hence, cannot be modeled using the traditional assumptions of Lambertian reflectors within the system deployment environment [10] , [11] . Referring to Fig. 2 , the geometries with example generalized radiation profiles are shown for cases when the reflection profile is either Phong (r d < 1, n ≥ 1, m ≥ 1), high-order Lambertian (r d = 1, n > 1), or traditional pure Lambertian (r d = 1, n = 1). To determine accurate values for m, n, and r d in (1), along with the reflectivity Γ ∈ [0, 1] of several common vehicle interior materials, the open-access Columbia-Utrecht Reflectance and Texture (CUReT) database [12] was employed.
From the databases, 61 available materials, "Sample 4-Rough Plastic" is the most similar to typical fascia plastic used on car door interiors, window sills, and dashboards. Through an Oren-Nayer fitting process [13] , it was found that the material exhibited 0.6 reflectivity with 96% of it being diffuse. "Samples 7, 18, 19, 42, 44, and 46," which represent the materials of velvet, thick rug, fine rug, corduroy, linen, and cotton, respectively, are ideal candidates for representing the vehicle interior upholsteries and passenger cloths. Via the same Oren-Nayer fitting process, the upholsteries reflectivity ranged between 0.12 and 0.57 for which the heavier samples, such as those used on the car floor, having lower reflectivity and the finer materials, such as the thin fabric found on a car ceiling, having higher reflectivity. Of these reflectivity values, the percentage of power contained within the diffuse component ranged between 94% and 99%. Therefore, based upon their measurements and to reduce the simulation complexity [via the simplification of (1)], each of the fabrics and the fascia plastic will be assumed to be fully diffuse r d = 1, with our interpretation of their respective reflectivity values shown in Table I . The database "Sample 39-Human Skin" provides a reflectivity value of approximately 0.45 under the same fully diffuse assumptions made for the fabrics. Finally, for the reflectivity properties of the glass, the required parameters were derived from the measured results in [8] with the resulting approximation that the glass is fully specular, with high directivity and low reflectivity. It should be noted that each of these values is in itself an approximation for the purpose of this work. The values provide in CUReT are not strictly for IR frequencies, but they do enter the red spectrum with enough detail as to make sensible assumptions.
B. Source, Receiver, and Reflector Model
The transmission source, i.e., S, in this scenario is considered to be an IR light-emitting diode (LED) that is centrally located upon the ceiling with position vector r S = [1.7, 0.82, 1.38], vertically orientated downward with unit length orientation vectorn S . The radiation emission profile, i.e., R(φ, θ), with power P S is assumed to be uniaxial symmetric, with respect ton S , and ideal Lambertian as given by (1) setting n = 1 and
To determine the suitability of the OW channel for communication purposes and to determine where in the vehicle high levels of IR radiation with suitable bandwidth characteristics are located, it is necessary to model the existence of J singleelement receivers R j . It is assumed that each receiver is of the same specification such that R j = R j+1 , and this allows for the results in Section III to describe both a system with J receivers at multiple locations or one receiver at J locations without any loss of generality.
To determine the position and orientation of each of the J receivers (or J locations), each of the planar polygons that make up the deployment environment is bilinearly interpolated [14] at a resolution of ten segments per meter (100 segments per square meter). This interpolation then provides the resultant location vector r R j , unit length orientation vectorn R j identical to the respective surface normal of the original polygon, an active optical collection area A R j = 1 cm 2 , and FOV FOV R j = 45
• , which is defined as the maximum uniaxial symmetric incident angle of radiation with respect ton R j , that will generate a current within the photodiode. This process is repeated for every planar polygon within the scenario and for every scenario, which means that for the simplest scenario, i.e., only the driver is present, J = 3269, whereas for the two most complex scenarios, i.e., the driver and three passengers are present with their arms up or down, J = 4023. The decision to set A R j = 1 cm 2 is based upon a desire to keep the forthcoming results as generalized as possible, allowing for the comparison of the system performance presented here to be directly comparable to papers such as [15] . Moreover, due to the linearity of the channel, in the event using smaller A R j values, the received power values should simply be appropriately scaled.
Given the definitions and material properties of the vehicle's internal structure provided in Section II-A, each of the planar polygons is bilinearly interpolated into L elements E l at a resolution of ΔA k , the desired number of elements per meter. Based upon the interpolation, resultant elements E l will have an associated area A E l = 1/ΔA 2 k and unit length orientation vectorn E l determined from the normal vector of the original noninterpolated plane at position vector r E l . The element will then behave as a receiver, i.e., E R l with a hemispherical FOV for which incident power P E R l can be determined, before acting as a source E R l with radiation emission profile R(φ, θ), as given by (1) setting the parameters to the respective properties of the element in Table I and with P S = ΓP E R l .
C. Impulse Response Calculations
The IR radiation incident upon receiver R j will be the result of radiation emitted from source S that has directly propagated through an unobstructed line-of-sight (LOS) path and/or from the radiation that has undergone a finite number k, reflections off the internal surfaces of the vehicle. It has been previously shown [15] , [16] that for an intensity modulation/direct detection channel, where the movement of the transmitter, the receiver, or reflectors within the environment is slow compared with the bit rate of the system, no multipath fading occurs and, as such, can be modeled as an LTI channel with impulse response h(t; S, R j ) given by [15] 
where h k (t, S, R j ) is the impulse response of the system for the radiation undergoing k reflections between S and R j .
Assuming that source S emits a unit impulse at t = 0, i.e., setting P S = 1 W, then the LOS (k = 0) impulse response is given by the scaled and delayed Dirac delta function, i.e.,
where, with reference to Fig. 2 , D = r S − r R j is the distance between the source and the receiver, c is the speed of light, and φ and θ are the angles betweenn S and (r R j − r S ) and between n R j and (r S − r R j ), respectively. V (x) represents the visibility function, where V (x) = 1 for |x| ≤ 1 and V (x) = 0 otherwise. For radiation undergoing k > 0 reflections, the impulse response is given by
where * denotes convolution, and the (k − 1) impulse response
where all the zero-order (k = 0) responses in (4) and (5) are found by careful substitution of the variables in (3).
III. RESULTS
A ray-tracing package, with a specific emphasis on efficient bilinear surface interpolation [18] and intersection subroutines [19] , was developed in MATLAB to determine the source-toreceiver impulse response, as detailed in (1)-(5). One known issue of (5) is that the time to calculate the solution is proportional to k 2 [17] , such that for all the results presented here, k is limited to 3, and for each order, the segmentation of the bilinear interpolation is set to ΔA 1 = 25, ΔA 2 = 6, and ΔA 3 = 2. Note that these ΔA k values are for the segmentation of the surfaces forming the reflecting (and sequentially transmitting) elements, not the receivers, which, as stated earlier, are generated from a bilinear interpolation with a resolution of 100 segments per square meter independent of the impulse response order. It is also possible for the reader to increase (or decrease) the value of both k and any of the ΔA k values as they see fit should higher (or lower) fidelity be required. However, we do want to stress that the choice of values will highly dictate the computational time required, where for this work, the compromise was made through experience that the results are within a scenario dependent 10% of including a higher order at the cost of ∼72-h simulation time on a modern machine. For further clarification of this issue, the reader is directed to [17] and [20] for some empirical discussions. It can be also observed that the resultant impulse response in (2) is a finite sum of scaled delta functions, which, for the results presented, are smoothed by subdividing the time into bins of width Δt = 0.1 ns prior to summation [15] .
Compared with earlier work in [6] , where only one scenario was investigated, it is now necessary to adjust the way the results are presented. Here, a total of 15 scenarios have been explored, and as such, displaying a continuous set of figures is not only inefficient but also difficult to interpret. Therefore, in this paper, four quantities are to be shown.
• Received power baseline: Here, the total power received, as defined by H(0; S, R j ) = ∞ −∞ h(t; S, R j )dt, is shown for the scenario where only the driver is present within the vehicle. These values, therefore, provide the baseline for which passenger presence can be measured against. The values will be provided as absolute values in microwatts as this allows for easy comparison with the results of most of the notable works by Barry et al. [15] . Moreover, given that as mentioned, the results are also presented as being normalized from a 1-W source, if the reader wishes to know the path loss in decibels, only a simple calculation needs to be performed.
• Received power change: Here, the received power for the remaining 14 cases is analyzed, and the greatest absolute change of nonzero received power is compared against the baseline and recorded. The requirement for nonzero quantities is necessary as, for example, the presence of a passenger on the seat will block specific receivers. These receivers should, therefore, be excluded from the power change as they cannot be used in practice if a passenger is present at that location. Therefore, for a given receiver location, one can take the baseline value and with the addition or subtraction of the change value at that same location, one can infer the maximum dynamic range of received power for any combination of passengers where the receiver is still valid, i.e., not directly blocked. The authors acknowledge here that representation of the results is actually quite hard for the difference results. As such, here, the values are in decibels as this is most commonly requested by readers interested in change from the baseline.
• Minimum channel bandwidth: Here, due to the application of plotting the quantity H(0; S, R j ), where all temporal information is lost, the minimum nonzero bandwidth, which is found via the DTFT of h(t, S, R j ), of all 15 scenarios is shown. In showing this quantity as supposed to a change quantity, the results provide a system designer with a bandwidth value that can be guaranteed at a given location independent of passenger presence, provided they are not blocking the receiver.
• Maximum RMS delay spread: Here, the maximum nonzero RMS delay spread Λ, as given by [21] 
where Υ is defined as
for each of the 15 scenarios is shown. The maximum value is provided as this is the worst case option for a system designer, and as such, this quantity provides the maximum RMS delay spread possible at any location independent of passenger presence, provided the receiver is not blocked. These four quantities are shown in Figs. 3-6 , where one may see that, unlike in Fig. 1 where the passengers have been illustrated, in the results, only the driver is shown as the driver is the only consistent passenger in the vehicle. In the other 14 scenarios analyzed, passengers are considered either absent or present with their arms up or down, and hence, they are not consistent and impossible to graphically illustrate. In other words, provided the receiver is not blocked by a passenger being present, it is considered within the analysis. For example, if one wanted to know the effects of only the driver and one further passenger situated in the rear seat (also on the driver side) being present, one could make a perfectly valid inference of the results by simply discounting the specific receiver locations that will be blocked.
A. Rear Passenger Seats
Consider first the rear passenger seat results as shown in Figs. 3 and 4 . Directly under the source, maximum received baseline power [see Fig. 3(a) ] of 45 μW is centrally located on the middle seat, which reduces to 15 μW at the seat corner edges. This area is ideal for the passenger's portable devices, such as laptops, tablet PCs, or handheld game consoles. Incorporating the possible passenger scenarios, Fig. 3(b) shows that in the central region, the received power deviates by no more than 0.1 dB compared with the baseline. This is a promising result for the viability of OW in this application, considering that up to three more people are present. In the gaps between the passenger's legs, there can be a dramatic drop in power of up to 10 dB. This is an obvious property of OW, and the source transmitter geometry needs further careful thought. These power levels have an associated minimum bandwidth [see Fig. 4(a) ] of 29 MHz increasing to over 100 MHz with a subnanosecond RMS delay spread [see Fig. 4(b) ]. Provided the received power dynamic range can be accounted for in the receiver design, this level of bandwidth availability should be sufficient for in-car communications requirements.
A further area of potential OW device deployment shown in previous work [6] was the area around the head and shoulders of the rear passengers, as it would be conceivable that they may wish to use IR headphones or hands-free voice equipment. The baseline values [see Fig. 3(a) ] range between 17 and 40 μW, which, when one considers the passenger scenarios [see Fig. 3(b) ], fall by a maximum of 0.2 dB. The minimum available bandwidth [see Fig 4(a) ] available over the area is 82 MHz with a virtually negligible (subpicosecond) RMS delay spread, as shown in Fig. 4(b) . All of these quantities are well in excess of any channel requirements for an OW device of the headphone type. So far, OW device deployment looks promising. However, successful end-user adoption requires that the technology be user friendly. One such concern is that passengers may either drop or stow portable devices in the foot wells. Under these circumstances, it might not be necessary for high-speed communications, but an ability to be "polled" by the source should remain. As such, consider again Fig. 3 , where it can be seen that up to 19 μW allowing for a reduction from 0 dB in central locations down to −12 dB near a passenger's foot. This power may be enough for simple polling routines, particularly given the highly preferential 44 MHz of minimum bandwidth shown in Fig. 4(a) . RMS delay spread is mostly in the subnanosecond range, although there are instances at the intersection between the floor and the seat edge, which is susceptible to slightly higher values approaching 2 ns.
Considering the deployment of fixed user-vehicle OW devices, such as window, air conditioning, heating, or AV controllers, that could be located within the forward section of the interior car door for example, baseline received power [see Fig. 3(a) ] of 18 μW is possible that, upon user presence [see Fig. 3(b) ], is reduced by up to 10 dB. Given that this location has an associated bandwidth in excess of 100 MHz and a subpicosecond RMS delay spread (see Fig. 4 ), there should be little problem using any devices of this nature with the channel available. 
B. Rear Passenger View
One of the growing areas of vehicular electronics investment is in the deployment of AV entertainment equipment such as DVD players or game consoles. With this in mind, the next area of focus for analysis is the back of the front seat headrests and the armrest/storage compartment between the front seats, as shown in Figs. 5 and 6. In the headrest area [see Fig. 5(a) ], it can be seen that baseline power of between 3.8 and 4.2 μW is received and that this power is reduced by no more than 0.8 dB under all passenger scenarios considered [see Fig. 5(b) ]. Furthermore, at these locations [see Fig. 6 ], a bandwidth in excess of 55 MHz with a maximum RMS delay spread of 1.95 ns can be utilized. Considering these values for a moment, it may be of one's opinion that the received power level is a little low, and hence, it should also be pointed out that at this stage in the investigation, this result is based upon a nonoptimized source-receiver position and/or orientation.
Considering the armrest/storage compartment between the front seats shown in Fig. 5 , received baseline power of 26 μW, which, under consideration of the 14 passenger scenarios, is reduced by no more than 0.5 dB, present with an associated bandwidth in excess of 100 MHz with a subpicosecond RMS delay spread. These values are almost certainly ideal for highbandwidth sources or interface devices, such as DVD players or game consoles, which could all connect via an IR link to the central ceiling base station.
IV. FEASIBILITY AND FUTURE DIRECTIONS
A. Networking and Protocol
A present-day "snapshot" of communication networks within vehicles would show, on one hand, a range of specifically tailored wired technologies and, on the other hand, a range of fairly generic wireless technologies [22] - [24] . For example, on the wired front, whether electrical or optical, a vehicle designer can adopt any combination of CAN, TTCAN, LIN, TTP, BYTEFLIGHT, FLEXRAY, MOST, or IDB-1394 for example, with each one deliberately promoting specific advantages for target applications [25] - [30] . On the RF wireless front, a vehicle designer has the option of using standardized technologies, such as IEEE 802.11, Bluetooth, UWB, or ZigBee, for which, based upon the target application, the designer will adopt that which best fits [31] - [33] .
The work presented here based upon OW is still an open topic, its feasibility yet to be proven. Therefore, the scope of the investigation is still limited to understanding the physical layer. The aims here are to know where an OW system can be deployed and what basic hardware requirements would be needed to establish a link of currently unknown performance. Furthermore, although it is known that link reciprocity or bidirectionality will be required in the future, it is not yet considered as the transmitting location (for the uplink) is not yet reasonably established. One of the key logical next steps for research is to determine by what means a return signal may be instigated. If anything, it is hoped that this work presented so far can provide some impetus to portable device manufacturers or vehicular equipment OEMs to join the debate here.
B. Optical Noise
All the results presented so far in this paper are for the transmission, propagation, and reception of the IR signal. A complete analysis of the noise components has yet to be fully undertaken, which is partly due to the complexity of the deployment application. In the authors' opinion, this vehicular application could be described as a "quasi-indoor-outdoor" crossover. For example, let it be assumed that the system comprises an IR LED transmitter centered at an eye-safe λ = 1330 nm [34] , in conjunction with a generic wide-angle FOV IR receiver with a matched Δλ = 66 nm thin-film optical filter [35, p. 43] . It is also known from Section III that the incident optical signal will peak at 45 μW · cm −2 . In terms of the potential optical noise-generating sources, one can narrow this down to interior lighting, other vehicles' headlights, street lights, and solar radiation from the sun. Most vehicles do not have interior lights due to nighttime driving requirements; hence, this can be discounted from our analysis. Most headlights on modern vehicles are based upon high-efficiency Xenon-type bulbs, which are designed to be as "white" as possible with hints of blue; hence, these can also be discounted. Similarly, street lights in the U.K. are traditionally Calcium-based and yellow. This leaves, therefore, only sunlight to contend with on a simplified system, which is indeed very similar to indoor applications, if not slightly simpler, as there is less artificial ambient light and zero cyclostationary signals present. This, therefore, can lead to a simplified argument that, under a bright skylight, where the incident optical power is 5.8 μW · cm −2 · nm −1 , for an optical bandwidth of 100 nm, this equates to an ambient illumination level of 580 μW · cm −2 . This leads to an adverse condition for an optical signal-to-noise ratio, according to the following argument. The ambient illumination is (580/45) = 12.9 times the optical power density of the wanted signal, resulting in the following two effects: the signal being masked by the ambient and an increase in shot noise by 12.9 times in terms of electrical power at the front-end detector stage in the receiver. How can this serious situation be avoided then? In fact, it is a matter of optimizing the wanted-tounwanted optical power ratios, by making sure that the ambient illumination in the wavelength range of particular interest is blocked as much as possible. A coating on the windows of the vehicle would only need to provide just over 11 dB (or more) of attenuation in the near-IR for reduction of ambient illumination to the same level as the required signal; however, 20 dB would be very easy to obtain and would virtually eliminate the problem all together.
C. Marque and Model
The work presented herein has been based upon an SUV type of vehicle for the reason set out in Section I. An additional reason for the choice was the fact that an SUV can be interpreted as a somewhat "square" vehicle, which is a suitable iteration of previous work on indoor optical communications where the impulse response calculations originally existed. Future work in this area will need to consider a wider range of vehicles and, furthermore, a wide range of material compositions for the interiors that go beyond our approximations based upon the CUReT [12] database.
V. CONCLUSION
Through the use of a simple linearly scalable 1-W IR transmitter, which is centrally located on the ceiling of an SUVtype vehicle, and for 15 passenger configurations, the received power, power deviation, minimum bandwidth, and maximum RMS delay spread are provided for the regions of the vehicle most likely to benefit from the deployment of intravehicle OW communication systems. Specifically, several regions are highlighted as having potentially advantageous channel characteristics. In the region around the arms and legs of the rear passengers, useful for devices such as tablet PCs, between 15 and 45 μW can be received with a reduction of no more than < 0.1 dB when located away from the legs under all passenger configurations. In the region around a passenger's shoulders and neck, where devices such as IR headphones or hands-free voice equipment might be employed, up to 40 μW of power can be received with only a 0.2-dB reduction under all passenger scenarios. The use of the front-seat headrests for placement of video screens or computer monitors is also illustrated. Currently, in a nonoptimized configuration, between 3.8 and 4.2 μW is received, and this power is reduced by less than 0.8 dB under all passenger scenarios considered. Finally, all results are shown to have sufficient bandwidth and an acceptable maximum RMS delay spread for use in highspeed OW communications. It is hoped that these results, now incorporating the presence of multiple passengers in multiple configurations, in conjunction with an earlier analysis on channel viability [5] , [6] , will enhance the appeal of employing OW in this application.
